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Abstract: Intraduodenal quinine, in the dose of 600 mg, stimulates glucagon-like peptide-1 (GLP-1),
cholecystokinin and insulin; slows gastric emptying (GE); and lowers post-meal glucose in men. Oral
sensitivity to bitter substances may be greater in women than men. We, accordingly, evaluated the
dose-related effects of quinine on GE, and the glycaemic responses to, a mixed-nutrient drink in
females, and compared the effects of the higher dose with those in males. A total of 13 female and
13 male healthy volunteers received quinine-hydrochloride (600 mg (‘QHCl-600’) or 300 mg (‘QHCl-
300’, females only) or control (‘C’), intraduodenally (10 mL bolus) 30 min before a drink (500 kcal,
74 g carbohydrates). Plasma glucose, insulin, C-peptide, GLP-1, glucose-dependent insulinotropic
polypeptide (GIP) and cholecystokinin were measured at baseline, for 30 min after quinine alone,
and then for 2 h post-drink. GE was measured by 13C-acetate breath-test. QHCl-600 alone stimulated
insulin, C-peptide and GLP-1 secretion compared to C. Post-drink, QHCl-600 reduced plasma glucose,
stimulated C-peptide and GLP-1, and increased the C-peptide/glucose ratio and oral disposition
index, while cholecystokinin and GIP were less, in females and males. QHCl-600 also slowed GE
compared to C in males and compared to QHCl-300 in females (p < 0.05). QHCl-300 reduced post-
meal glucose concentrations and increased the C-peptide/glucose ratio, compared to C (p < 0.05).
Magnitudes of glucose lowering and increase in C-peptide/glucose ratio by QHCl-600 were greater
in females than males (p < 0.05). We conclude that quinine modulates glucoregulatory functions,
associated with glucose lowering in healthy males and females. However, glucose lowering appears
to be greater in females than males, without apparent differential effects on GI functions.

Keywords: postprandial blood glucose; bitter taste; gut functions; gastrointestinal hormones; pancreatic
hormones; human

1. Introduction

The upper gastrointestinal (GI) tract plays a critical role in the regulation of post-
prandial blood glucose concentrations [1,2]. The arrival of nutrients in the small intestine
stimulates GI hormones, including glucagon-like peptide-1 (GLP-1), glucose-dependent in-
sulinotropic polypeptide (GIP) and cholecystokinin (CCK) [3–6]. GLP-1 and CCK potently
slow gastric emptying [1,7], which reduces the rate of delivery and, hence, the absorption
of nutrients, including carbohydrates, and is a key determinant of post-meal blood glucose
concentrations [8]. GLP-1 also stimulates insulin, and suppresses glucagon, in a glucose-
dependent fashion [9], although its primary postprandial glucose-lowering action is via
slowing of gastric emptying [10].
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The intravenous administration of quinine (thus, bypassing the GI tract) for the
treatment of malaria, in a dose of ~500 mg, has long been known to trigger hypoglycaemia
in some patients, due to the potent stimulation of insulin [11,12]. In contrast, in healthy
volunteers, acute intravenous infusion of the same dose has been reported to lower fasting
blood glucose but does not appear to be associated with hypoglycaemia [13]. There has been
increased interest in the GI effects of bitter substances, reflecting preclinical observations in
both cell lines and experimental animals that show they stimulate the secretion of CCK and
GLP-1, as well as other GI hormones potently by activating bitter taste receptors located
on enteroendocrine cells [14–17], although information relating to GIP is limited [18]. The
bitter substance, quinine, also stimulates plasma CCK and GLP-1 in healthy men [19–22].
For example, the intraduodenal (ID) administration of quinine hydrochloride (QHCl), in
a dose of 600 mg (corresponding to ~500 mg quinine, often given intravenously in the
treatment of malaria), stimulates CCK and GLP-1 in healthy men [20]. The magnitude of
this stimulation by quinine is greater following ID than intragastric (IG) administration [20],
which is indicative of the importance of the interaction of quinine with small intestinal
bitter receptors. QHCl also stimulates insulin secretion and slows gastric emptying (the
latter probably mediated, at least in part, by CCK and GLP-1), which, along with the
stimulation of GLP-1, may underlie quinine-induced glucose lowering [21]. Indeed, in our
recent study, QHCl, in a dose of 600 mg, administered either ID 30 min or IG 60 min before
a mixed-nutrient drink stimulated insulin, slowed gastric emptying and reduced blood
glucose in healthy men [19]. Moreover, the effect of IG quinine in men was dose-related [22].
Of interest, in the earlier study [22], in which QHCl was administered IG 30 min before
a mixed-nutrient drink, quinine did not affect gastric emptying of the drink, which is in
contrast to the slowing evident when QHCl was administered IG 60 min before a mixed-
nutrient drink, providing further evidence of the importance of small intestinal exposure.

Oral sensitivity to 6-n-propylthiouracil, a bitter compound, has been reported to be
greater in women than men [23,24]. It is, accordingly, of interest that we have recently
found that ID QHCl, given in a dose of 600 mg, stimulates insulin and lowers fasting blood
glucose more in women than men [20]. The glucose-lowering effect of quinine in females
has only been evaluated in the fasted state; therefore, key questions about the dose-related
effects of quinine on the glycaemic response to a meal, and whether females are more
sensitive than males, remain unanswered.

The aims of this study were to determine (1) the effects of ID administration of two
doses of QHCl (300 mg and 600 mg) on plasma glucose, pancreatic (i.e., insulin, C-peptide
(reflecting insulin secretion)) and gut (i.e., GLP-1, GIP and CCK) hormones, and the gastric
emptying of a mixed-nutrient drink in females and (2) the comparative effects of the higher
dose of quinine in females and males.

2. Materials and Methods
2.1. Study Participants

13 healthy, premenopausal females (mean age: 27 ± 2.1 years, body mass index (BMI):
22.3 ± 0.5 kg/m2, body weight: 59 ± 2 kg) and 13 healthy males (mean age: 26 ± 2 years,
BMI: 22.7 ± 0.5 kg/m2, body weight: 71 ± 2 kg) participated in this study (Figure 1).
The number of participants allowed for the detection of a 1.0 mmol/L difference in peak
plasma glucose between the 600 mg quinine dose and control, with an SD of 0.9 mmol/L,
α = 0.05 and a power of 80%. Participants were recruited through flyers placed around local
universities. They were screened before their inclusion to exclude a history of GI disease or
surgery; GI symptoms; smokers; individuals with overweight/obesity (BMI > 25 kg/m2);
an alcohol consumption of >20 g/day on >5 days/week; use of medication known to
affect appetite, energy intake or GI function; unstable body weight (≥5% change over
the 3 months prior to participation); high-performance athletes; and restrained eaters
(score >12 on the restrained eating component of the 3-factor eating questionnaire) [25].
Oral detection thresholds for QHCl were quantified using the ascending-series 3-alternative
forced-choice technique [22,26] to ensure that all participants detected QHCl.
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Figure 1. CONSORT participant flow diagram.

The study protocol was approved by the Human Research Ethics Committee of the
Central Adelaide Local Health Network and was performed in accordance with the Declara-
tion of Helsinki. All participants provided written, informed consent before their inclusion,
and after enrolment, each was assigned to a treatment order of balanced randomisation
that was generated using an online tool (www.randomization.com) by a research offi-
cer who was not involved in the data analysis. The study was registered as a clinical
trial with the Australian and New Zealand Clinical Trials Registry (www.anzctr.org.au;
ACTRN12620001139965; ACTRN12619001269123).

2.2. Study Outline

The double-blind, randomised cross-over study evaluated the effects of ID adminis-
tration of QHCl, in doses of 300 and 600 mg, on plasma glucose, pancreatic (i.e., insulin
and C-peptide) and gut (i.e., GLP-1, GIP and CCK) hormones and the gastric emptying
of a mixed-nutrient drink in healthy, lean women, and compared the effects of the higher
(and, therefore, most likely to be more potent) dose of QHCl in males and females. Plasma
glucose was the primary outcome, while plasma insulin, C-peptide, GLP-1, GIP and CCK
and gastric emptying were secondary outcomes. The 600-mg dose of QHCl was selected
based on our previous studies, in which ID administration stimulated plasma GLP-1, in-
sulin and C-peptide, and reduced fasting blood glucose [20]. A dose of 300 mg was chosen
to determine whether a lower dose would also be effective in females. ID administration
was selected because of the evidence of greater GI effects of ID than IG administration [20],
and the timing of QHCl administration, 30 min before the mixed-nutrient drink, was based
on our findings that the effects of ID quinine on stimulating plasma insulin and pyloric
pressures were maximal at around that time [20].

www.randomization.com
www.anzctr.org.au


Nutrients 2023, 15, 3584 4 of 18

2.3. Preparation of Treatments

The QHCl treatments were prepared by dissolving 300 mg or 600 mg of QHCl (Sinkona
Indonesia Lestari, Subang, West Java, Indonesia) in 10 mL of distilled water. The control
treatment consisted of 10 mL of distilled water. Treatments were prepared on the morning
of each study day, filled into a syringe by a research officer who had no involvement in
data analysis, and administered at a temperature of ~30 ◦C.

2.4. Study Protocol

Each female participant was studied on 3 occasions, receiving either 300 mg or 600 mg
of quinine or control, and studies were performed during the follicular phase of the
menstrual cycle (i.e., days 1–8) to minimise any potential confounding effect on the secretion
of gut hormones or gastric emptying [27]. Each male participant was studied on 2 occasions,
receiving either 600 mg of quinine or control. Study treatments were administered in a
randomised, double-blind fashion. To minimise any carry-over effect, study visits were
separated by at least 3, and up to 7, days. Participants were instructed to refrain from
vigorous physical activity and alcohol consumption for 24 h prior to each study and were
provided with a standardised meal (beef lasagne; total energy content: 602 kcal; McCain
Food, Wendouree, VIC, Australia) to be consumed between 6.30–7 p.m. on the evening
before each study visit. The next morning, the participant attended the Clinical Research
Facility (Adelaide Medical School, University of Adelaide) at 8.15 a.m. as well as after
fasting overnight from both solids and liquids (with the exception of water) after 7 p.m.
and from water after 6.30 a.m.

Upon arrival, the participant was intubated with a manometric catheter (Dentsleeve
International, Mui Scientific, Mississauga, Ontario, Canada; total length: 100 cm; external
diameter: 3.5 mm), which was positioned as described previously [3,28]. An infusion port,
situated ~14.5 cm beyond the pylorus, was used for the infusion of quinine.

Once the catheter was positioned correctly (within 53 ± 6 min), an intravenous can-
nula was placed into a forearm vein. After the occurrence of phase III (short phase of
motor activity characterised by high-amplitude, high-frequency contractions) of the fasting
motility pattern, during phase I (a period of motor quiescence), a baseline blood sample
and visual analogue scale (VAS) ratings (to assess GI symptoms) were collected, and QHCl
or the control was delivered intraduodenally (at t = −31 min) within 1 min. The catheter
was then removed. At t = −1 min, participants consumed, within 1 min, 350 mL of a
mixed-nutrient drink (Resource plus, Nestle, Sydney, NSW, Australia; 325 mL, 500 kcal,
74 g carbohydrates, including maltodextrin and sucrose, 18 g protein and 15 g fat, plus
25 mL water), which included 100 mg of sodium acetate-1-13C for measurement of gastric
emptying by breath test. Blood samples for measurement of hormones, VAS ratings and
breath samples were collected at regular time intervals. At t = 120 min, the i.v. cannula was
removed, after which each participant was provided with a light lunch and was then free
to leave the laboratory.

2.5. Measurements
2.5.1. Plasma Glucose and Hormone Analyses

Blood samples were collected into ice-chilled tubes containing tripotassium ethylene-
diaminetetraacetic acid. Plasma was obtained by centrifuging samples at ~1832 g force for
15 min at 4 ◦C within 15 min of collection and stored at −80 ◦C until subsequent analysis.

Plasma glucose concentrations (mmol/L) were measured by the glucose oxidase
method, using a glucose analyser (YSI 2300 Stat Plus, Yellow Springs Instruments, Yellow
Springs, OH, USA).

Plasma insulin concentrations (mU/L) were measured by a commercial ELISA im-
munoassay (Mercodia, Uppsala, Sweden). The sensitivity of the assay was 1.0 mU/L, and
intra- and inter-assay CVs were 2.9% and 11.6%, respectively.
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Plasma C-peptide concentrations (pmol/L) were measured by ELISA immunoassay
(Mercodia, Bayswater, Victoria, Australia). The sensitivity of the assay was 15 pmol/L, and
intra- and inter-assay CVs were 8.6% and 5.0%, respectively.

Plasma total GLP-1 concentrations (pmol/L) were measured by radioimmunoassay
(Millipore, Billerica, MA, USA). The minimum detectable concentration was 3 pmol/L, and
intra- and inter-assay CVs were 7% and 11%, respectively.

Plasma GIP concentrations (pmol/L) were measured by an ‘in-house’ radioimmunoas-
say using an antiserum against human GIP (Peninsula Laboratories, San Carlos, CA, USA),
described in detail previously [29]. The minimum detectable concentration was 2 pmol/L,
and intra- and inter-assay CVs were 3.4% and 8.5%, respectively.

Plasma CCK concentrations (pmol/L) were measured by an ‘in-house’ radioim-
munoassay, described in detail previously [30]. The minimum detectable concentration
was 0.1 pmol/L, and intra- and inter-assay CVs were 5% and 15%, respectively.

2.5.2. Gastric Emptying

Gastric emptying was measured by breath test using sodium acetate-1-13C [31], as
described previously [21].

2.6. Data and Statistical Analysis

Statistical analysis was performed using SPSS software (version 27.0; IBM, Chicago,
IL, USA).

Fasting concentrations of plasma glucose and hormones (C-peptide, insulin, GLP-
1, GIP and CCK) across study days were compared using repeated-measures two-way
ANOVAs with treatment (QHCl-600, QHCl-300 (in females only), control), sex and their
interaction as factors.

The effects of QHCl alone (i.e., before the consumption of the drink), and in response
to the drink, on plasma glucose and hormone concentrations were evaluated in each group
using repeated-measures two-way ANOVAs with treatment (QHCl-600, QHCl-300, control),
time (i.e., t = −31, −21, −11 and −1 min; or t = −1, 10, 20, 30, 45, 60, 90 and 120 min,
as relevant) and their interaction as fixed factors. Peak plasma glucose, time to peak
glucose and concentrations at t = 30 min (a measure of the early rise) were analysed using
repeated measures one-way ANOVA with treatment (QHCl-600, QHCl-300 and control)
as a factor. The insulin secretory response was estimated as the ratio of change in insulin
to that of glucose at t = 30 min, represented as ∆AUCinsulin-1 to 30/∆AUCglucose-1 to 30 [32].
Insulin sensitivity was expressed as 1/fasting insulin. The oral disposition index was then
calculated as ∆AUCinsulin-1 to 30/∆AUCglucose-1 to 30 × 1/fasting insulin [33] and analysed
using repeated measures one-way ANOVA with treatment (QHCl-600, QHCl-300 and
control) as a factor. The plasma C-peptide to plasma glucose (C-peptide/glucose) ratio,
a marker of beta cell function [34], was calculated for QHCl alone (AUC−31 to −1) and
in response to the drink (AUC−1 to 120), and analysed using repeated measures one-way
ANOVAs with treatment (QHCl-600, QHCl-300 and control) as a factor. The effect of
quinine on gastric emptying was analysed using repeated measures two-way ANOVA with
treatment (QHCl-600, QHCl-300 and control), time (i.e., t = −1, 10, 20, 30, 45, 60, 90 and
120 min) and their interaction as factors. Subject effects were accounted for by assuming
that outcomes were correlated equally across multiple visits. Sphericity was evaluated by
Mauchly’s test and, when violated, the adjusted Greenhouse–Geisser p value was reported.
Post hoc comparisons, with p values adjusted for multiple comparisons by Bonferroni’s
correction, were performed, where ANOVAs showed significant main effects or interactions.
The normality and variance assumptions of ANOVA analyses were assessed via residual
plots and acceptable for all models.

To compare the magnitude of effects between females and males (effects of sex) of
QHCl-600 on plasma glucose, hormones, the C-peptide/glucose ratio and gastric emptying
relative to control, data for glucose and hormones were expressed as AUCs (calculated
using the trapezoidal rule) for the response to QHCl alone (AUC−31 to −1) and the drink
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(AUC−1 to 120), and AUC−1 to 120 only for gastric emptying data. Data were then analysed
using mixed effects maximum likelihood models with treatments (QHCl-600, control), sex
and the treatment-by-sex interaction as fixed factors, and random subject effects assuming
an unstructured covariance matrix to account for the repeated visits per subject. To compare
the magnitude of effects on the lowering of peak glucose, time to peak glucose and glucose
concentrations at t = 30 min, values for QHCl-600 were subtracted from control values, and
the data were then analysed using independent samples t-test.

Relations between plasma glucose (AUC−1 to 30 min, glucose at t = 30 min, peak glu-
cose), hormones (AUC−31 to −1 min, concentration at t = −1 min, AUC−1 to 30 min) and gastric
emptying (AUC−1 to 30 min) were evaluated using within-subject correlation analysis [35].

Differences were considered statistically significant at p ≤ 0.05. All data are reported
as means ± SEM.

3. Results

All study treatments were well tolerated, and all participants completed the study visits.
Oral QHCl detection thresholds were 0.15 ± 0.06 mmol/L in males and 0.10 ± 0.02 mmol/L
in females, with no difference between the groups.

3.1. Basal Plasma Glucose and Hormone Concentrations

There were no differences in baseline concentrations of plasma glucose, C-peptide/
glucose ratio or hormones between study days in either females or males, or between
groups (Table 1).

Table 1. Fasting plasma concentrations of glucose, glucoregulatory and gut hormones, and plasma
C-peptide to glucose ratio across study days in females and males.

Female Male

Control QHCl-300 QHCl-600 Control QHCl-600

Plasma glucose, mmol/L 4.4 ± 0.1 4.5 ± 0.1 4.5 ± 0.1 4.5 ± 0.1 4.4 ± 0.1
Plasma C-peptide, pmol/L 420 ± 54 470 ± 73 436 ± 52 308 ± 65 320 ± 59
Plasma C-peptide/glucose, pmol/mmol 100 ± 14 105 ± 18 99 ± 14 68 ± 12 73 ± 11
Plasma insulin, mU/L 2.4 ± 0.5 2.4 ± 0.4 2.5 ± 0.4 2.3 ± 0.6 2.4 ± 0.5
Plasma GLP-1, pmol/L 13 ± 1 13 ± 2 14 ± 1 22 ± 2 21 ± 1
Plasma GIP, pmol/L 13.6 ± 1.6 13.2 ± 1.6 13.8 ± 1.8 16.7 ± 1.3 15.8 ± 1.3
Plasma CCK, pmol/L 0.8 ± 0.1 0.9 ± 0.1 0.7 ± 0.1 1.2 ± 0.1 0.9 ± 0.1

Data are means ± SEMs; n = 13 in each group, except for plasma C-peptide and GLP-1 (n = 12). QHCl-300, quinine-
hydrochloride in a dose of 300 mg; QHCl-600, quinine-hydrochloride in a dose of 600 mg; GLP-1, glucagon-like
peptide-1; GIP, glucose-dependent insulinotropic polypeptide; CCK, cholecystokinin.

3.2. Plasma Glucose Concentrations
3.2.1. Dose-Related Effects in Females

Response to QHCl alone. There was no effect of treatment or time on plasma glucose,
although mean concentrations were lower after QHCl-600 (Figure 2A).

Response to the drink. There was a treatment × time interaction for plasma glucose
(p = 0.001) (Figure 2A). QHCl-600 reduced plasma glucose between t = 10–60 min compared
with control between t = 20–30 min compared to QHCl-300 (all p < 0.05). QHCl-300 reduced
plasma glucose between t = 20 and 60 min compared to the control (all p < 0.05). Moreover,
glucose increased compared with baseline from t = 20 to 120 min after control (p < 0.05)
and at t = 30 min after QHCl-300 (p < 0.05) but not after QHCl-600.
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Figure 2. Plasma concentrations of (A) glucose, (B) C-peptide, (C) insulin, (D) glucagon-like peptide-1
(GLP-1), (E) glucose-dependent insulinotropic polypeptide (GIP) and (F) cholecystokinin (CCK) after
the intraduodenal administration of quinine hydrochloride (QHCl), in doses of 300 (QHCl-300; in
females only) and 600 mg (QHCl-600), or control (t = −31 to −1 min), and after a mixed-nutrient
drink (t = −1–120 min) in 13 healthy women and 13 healthy men. Data were analysed using repeated
measures two-way ANOVAs with treatment (QHCl-600, QHCl-300 and control), time and their
interaction as factors, for the effects of QHCl alone and in response to the drink. (A) In females:
* QHCl-600 significantly different from control (p < 0.05); # QHCl-600 significantly different from
QHCl-300 (p < 0.05); ‡ QHCl-300 significantly different from control (p < 0.05); in males: § QHCl-600
significantly different from control (p < 0.05). (B) In females: * QHCl-600 significantly different from
control (p < 0.05); in males: § QHCl-600 significantly different from control (p < 0.05). (C) In females:
* QHCl-600 significantly different from control (p < 0.05); # QHCl-600 significantly different from
QHCl-300 (p < 0.05); in males: § QHCl-600 significantly different from control (p < 0.05). (D) In males:
§ QHCl-600 significantly different from control (p < 0.05). (E) In females: * QHCl-600 significantly
different from control (p < 0.05); in males: § QHCl-600 significantly different from control (p < 0.05).
(F) In males: § QHCl-600 significantly different from control (p < 0.05). Data are means ± SEMs and
changes from baseline.
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There were effects of treatment on peak plasma glucose (p = 0.001), the time to peak
glucose (p = 0.043) and plasma glucose at t = 30 min (p = 0.001) (Figure 3). QHCl-600
reduced peak glucose compared with control (p = 0.001) and QHCl-300 (p = 0.020), and
QHCl-300 compared to the control (p = 0.001). QHCl-600 also reduced plasma glucose at
t = 30 min compared to the control (p = 0.001) and QHCl-300 (p = 0.002), and QHCl-300
compared to the control (p = 0.001).
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Figure 3. (A) Peak plasma glucose concentration, (B) time to peak plasma glucose and (C) plasma
glucose concentration at t = 30 min after a mixed-nutrient drink, which was consumed 30 min after
the intraduodenal administration of quinine hydrochloride (QHCl), in doses of 300 (QHCl-300; in
females only) and 600 mg (QHCl-600), or control in 13 healthy women and 13 healthy men. Data
were analysed using one-way ANOVA with treatment (QHCl-600, QHCl-300 and control) as a
factor. * QHCl-600 significantly different from respective control (p < 0.05); # QHCl-600 significantly
different from QHCl-300 (p < 0.05); ‡ QHCl-300 significantly different from control (p < 0.05). Data
are means ± SEMs.

3.2.2. Effects in Males

Response to QHCl alone. There was no effect of treatment, but there was an effect
of time (p = 0.001), on plasma glucose (Figure 2A). QHCl-600 reduced plasma glucose at
t = −1 min compared to baseline (p < 0.05).

Response to the drink. There was a treatment × time interaction for plasma glucose
(p = 0.008) (Figure 2A). QHCl-600 reduced glucose between t = 10 and 60 min compared to
the control (p < 0.05). After the consumption of the drink, glucose increased compared to
baseline, from t = 10 to 90 min after the control (p < 0.05), and at t = 30, 45 and 90 min after
QHCl-600 (p < 0.05).

QHCl-600 also reduced peak glucose (p = 0.005), increased the time to peak glucose
(p = 0.034), and reduced glucose at t = 30 min (p = 0.001), compared to the control (Figure 3).

3.2.3. Comparison between Males and Females

Response to QHCl alone. There was no difference in the magnitude of glucose lower-
ing by QHCl-600 between females and males (Table 2).

Response to the drink. The magnitude of the overall lowering of plasma glucose by
QHCl-600 was greater in females than in males (p = 0.041) (Table 2). The magnitude of the
lowering of peak glucose was greater in females than in males (p = 0.044) (Figure 4).
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Figure 4. Magnitude of peak plasma glucose lowering, in response to a mixed-nutrient drink that
was consumed 30 min after the intraduodenal administration of quinine hydrochloride (QHCl), in a
dose of 600 mg (QHCl-600) relative to control, in 13 healthy women and 13 healthy men. To compare
the magnitude of glucose lowering, values obtained after QHCl-600 were subtracted from those after
control in each group, and the data was then analysed using one-way ANOVA with sex as a factor.
* Females significantly different from males (p < 0.05). Data are means ± SEMs.

3.3. Plasma C-Peptide Concentrations
3.3.1. Dose-Related Effects in Females

Response to QHCl alone. There was a treatment × time interaction for plasma C-
peptide (p = 0.005) (Figure 2B). QHCl-600 stimulated C-peptide at t = −1 min compared
to the control (p = 0.049) but not QHCl-300, which did not have an effect. QHCl-600 and
QHCl-300, but not the control, stimulated C-peptide compared to baseline at t = −1 min
(p < 0.05). There was no effect of treatment on the C-peptide/glucose ratio.

Response to the drink. There was a treatment × time interaction for plasma C-peptide
(p = 0.029) (Figure 2B). QHCl-600 increased C-peptide at t = 10 min compared to the control
(p = 0.003) but not QHCl-300, which did not have an effect. After each of the control,
QHCl-300 and QHCl-600, C-peptide increased compared to baseline (p < 0.05). There was
an effect of treatment on the C-peptide/glucose ratio (p = 001), which was greater after
QHCl-600 and QHCl-300 compared to the control (both p = 0.001).

3.3.2. Effects in Males

Response to QHCl alone. There was a treatment × time interaction for C-peptide
(p = 0.006) (Figure 2B); QHCl-600 increased C-peptide between t = −11 and −1 min com-
pared to the control (both p < 0.05). QHCl-600, but not the control, stimulated C-peptide
compared to baseline from t = −11 to −1 min (p < 0.05). There was an effect of treatment
on the C-peptide/glucose ratio (p = 0.006), which was greater after QHCl-600 compared to
the control (p = 0.006).

Response to the drink. There was a treatment × time interaction for plasma C-peptide
(p = 0.036) (Figure 2B); QHCl-600 increased C-peptide at t = 10 min and between t = 90 and
120 min compared to the control (all p < 0.05). On both the control and QHCl-600 days,
C-peptide increased compared to the baseline (p < 0.05). There was an effect of treatment
on the C-peptide to glucose ratio (p = 0.001), which was greater after QHCl-600 compared
to the control (p = 0.001).

3.3.3. Comparison between Males and Females

There was no difference in the stimulation of C-peptide by QHCl-600 between females
and males, either in response to QHCl alone or the drink (Table 2).
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Table 2. Comparative effects of quinine alone (t = −31 to −1 min), overall (t = −1 to 120 min) and early
(t = −1 to 30 min) on plasma glucose, glucoregulatory hormone responses and C-peptide/glucose
ratio to a mixed-nutrient drink, and overall (t = −1 to 120 min) and early (t = −1 to 30 min) gastric
emptying of the drink, ingested 30 min after the intraduodenal administration of quinine in a dose of
600 mg, or control, in females and males.

Female Male

Control QHCl-600 Control QHCl-600

Plasma glucose

AUC−31 to −1 min, mmol/L × min 130 ± 2 127 ± 4 136 ± 1 131 ± 2.6
AUC−1 to 120 min, mmol/L × min 636 ± 17 485 ± 27 * 650 ± 16 579 ± 26
AUC−1 to 30 min, mmol/L × min 116 ± 3 81 ± 4 121 ± 2 93 ± 4

Plasma C-peptide

AUC−31 to −1 min, pmol/L × min 12,799 ± 642 15,714 ± 1458 11,831 ± 651 15,391 ± 1454
AUC−1 to 120 min, pmol/L × min 105,502 ± 11,611 242,883 ± 21,243 184,632 ± 11,734 202,656 ± 21,185
AUC−1 to 30 min, pmol/L × min 28,088 ± 2608 31,625 ± 3631 26,177 ± 2632 28,753 ± 3617

Plasma C-peptide/glucose ratio

AUC−31 to −1 min, pmol/mmol × min 107 ± 16 142 ± 20 66 ± 13 103 ± 16
AUC−1 to 120 min, pmol/mmol × min 178 ± 17 536 ± 57 * 261 ± 25 339 ± 33

Plasma insulin

AUC−31 to −1 min, mU/L × min 127 ± 32 290 ± 58 98 ± 21 195 ± 44
AUC−1 to 120 min, mU/L × min 6182 ± 606 6801 ± 1214 5946 ± 1502 5207 ± 1135
AUC−1 to 30 min, mU/L × min 1124 ± 231 844 ± 227 999 ± 158 959 ± 239

Plasma GLP-1

AUC−31 to −1 min, pmol/L × min 450 ± 29 525 ± 30 514 ± 30 595 ± 30
AUC−1 to 120 min, pmol/L × min 2684 ± 192 2938 ± 213 2985 ± 196 3280 ± 211
AUC−1 to 30 min, pmol/L × min 483 ± 53 576 ± 57 611 ± 54 701 ± 56

Plasma GIP

AUC−31 to −1 min, pmol/L × min 446 ± 16 428 ± 16 439 ± 16 433 ± 16
AUC−1 to 120 min, pmol/L × min 7672 ± 431 6263 ± 508 7343 ± 434 5670 ± 506
AUC−1 to 30 min, pmol/L × min 1428 ± 101 934 ± 142 1497 ± 102 1005 ± 142

Plasma CCK

AUC−31 to −1 min, pmol/L × min 31 ± 3 48 ± 7 36 ± 5 65 ± 8
AUC−1 to 120 min, pmol/L × min 365 ± 55 303 ± 32 423 ± 87 316 ± 39
AUC−1 to 30 min, pmol/L × min 97 ± 29 58 ± 7 121 ± 25 74 ± 14

Gastric emptying

AUC−1 to 120 min, % × min 2484 ± 118 2167 ± 140 2030 ± 115 2021 ± 138
AUC−1 to 30 min, % × min 232 ± 21 178 ± 35 245 ± 20 198 ± 32

Data are means ± SEMs; n = 13 in each group, except for plasma C-peptide, GLP-1 and gastric emptying (n = 12).
AUC, area under the curve; QHCl-600, quinine-hydrochloride in a dose of 600 mg; GLP-1, glucagon-like peptide-1;
GIP, glucose-dependent insulinotropic polypeptide; CCK, cholecystokinin. * Significantly different from male
(p < 0.05).

3.4. Plasma Insulin Concentrations
3.4.1. Dose-Related Effects in Females

Response to QHCl alone. There was a treatment × time interaction for plasma insulin
(p = 0.004) (Figure 2C). QHCl-600 stimulated insulin at t = −1 min compared to the control
(p = 0.029) and QHCl-300 (p = 0.026), while QHCl-300 did not have a significant effect.
QHCl-600 and QHCl-300, but not the control, stimulated insulin, QHCl-600 from t = −21
to −1 min (p < 0.05), and QHCl-300 at t = −1 min (p < 0.01).
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Response to the drink. There was no effect of treatment on plasma insulin concentra-
tions (Figure 2C). After each, control, QHCl-300 and QHCl-600, insulin increased from
t = 10 to 120 min (p < 0.05).

There was no effect of treatment on either the early insulin secretary response or insulin
sensitivity (Table 3). There was a trend for an effect of treatment on the oral disposition
index (p = 0.068) (Table 3).

Table 3. Early insulin secretary response, insulin sensitivity and oral disposition index to a mixed-
nutrient drink, ingested 30 min after the intraduodenal administration of quinine, in doses of 300 mg
and 600 mg, or control, in females and males.

Female Male

Control QHCl-300 QHCl-600 Control QHCl-600

Early insulin secretory response (mU/mmol × min)
∆AUCinsulin-1 to 30/∆AUCglucose-1 to 30

8.9 ± 1.8 10.8 ± 1.7 13.5 ± 3.3 7.7 ± 1.7 10.0 ± 2.2

Insulin sensitivity (mU/L−1)
1/fasting insulin

0.6 ± 0.1 0.6 ± 0.1 0.5 ± 0.1 0.5 ± 0.1 0.7 ± 0.2

Oral disposition index (mM−1 × min)
∆AUCinsulin-1 to 30/∆AUCglucose-1 to 30 × 1/fasting insulin

3.9 ± 0.5 5.1 ± 0.9 6.2 ± 1.0 * 2.9 ± 0.5 6.6 ± 2.0 *

Data are means ± SEMs; n = 13 in each group, except for plasma C-peptide, GLP-1 and gastric emptying (n = 12).
AUC, area under the curve; QHCl-600, quinine-hydrochloride in a dose of 600 mg; GLP-1, glucagon-like peptide-1;
GIP, glucose-dependent insulinotropic polypeptide; CCK, cholecystokinin. * Significantly different from male
(p < 0.05).

3.4.2. Effects in Males

Response to QHCl alone. There was a treatment × time interaction for plasma insulin
(p = 0.009) (Figure 2C). QHCl-600 increased insulin between t = −11 and −1 min compared
to the control (both p < 0.05). QHCl-600, but not the control, stimulated insulin compared
to baseline at t = −1 min (p < 0.05).

Response to the drink. There was no effect of treatment on plasma insulin (Figure 2C).
On both control and QHCl-600 days, insulin increased compared to baseline (p < 0.05).

There was no effect of treatment on the early insulin secretory response, insulin
sensitivity nor the oral disposition index (Table 3).

3.4.3. Comparison between Males and Females

There were no differences in the magnitude of the stimulation of insulin, the early
insulin secretary response nor the oral disposition index by QHCl-600 between females
and males (Table 2).

3.5. Plasma GLP-1 Concentrations
3.5.1. Dose-Related Effects in Females

Response to QHCl alone. There were effects of treatment (p = 0.023) and time (p = 0.001)
on plasma GLP-1 (Figure 2D). QHCl-600 stimulated GLP-1 compared to the control
(p = 0.034) but not to QHCl-300, while QHCl-300 did not have an effect. QHCl-600, but
neither QHCl-300 nor control, stimulated GLP-1 compared to baseline at t = −1 min
(p < 0.05).

Response to the drink. There were effects of treatment (p = 0.044) and time (p = 0.001)
on plasma GLP-1 (Figure 2D). QHCl-600 increased GLP-1 compared to the control (p = 0.031)
but not QHCl-300, while QHCl-300 did not have an effect. After each of the control, QHCl-
300 and QHCl-600, GLP-1 increased compared to baseline, from t = 20 to 120 min (p < 0.05).

3.5.2. Effects in Males

Response to QHCl alone. There was a treatment × time interaction for plasma GLP-1
(p = 0.019) (Figure 2D). QHCl-600 increased GLP-1 at t = −1 min compared to the con-



Nutrients 2023, 15, 3584 12 of 18

trol (p = 0.009). QHCl-600, but not control, stimulated GLP-1 compared to baseline at
t = −1 min (p = 0.05).

Response to the drink. There was a non-significant effect of treatment (p = 0.078) and
an effect of time (p < 0.05) on plasma GLP-1 (Figure 2D). QHCl-600 tended to increase
GLP-1 compared to the control (p = 0.078). On both control and QHCl-600 days, GLP-1
increased compared to baseline (p < 0.05).

3.5.3. Comparison between Males and Females

There were no differences in the magnitude of the stimulation of GLP-1 by QHCl-600
between females and males (Table 2).

3.6. Plasma GIP Concentrations
3.6.1. Dose-Related Effects in Females

Response to QHCl alone. There was no effect of treatment, or time, on plasma GIP
(Figure 2E).

Response to the drink. There was a treatment × time interaction for plasma GIP
(p = 0.023) (Figure 2E). QHCl-600 reduced GIP between t = 20 and 30 min compared to the
control (p < 0.05) but not QHCl-300, while QHCl-300 did not have a significant effect. The
control, QHCl-300 and QHCl-600 each increased GIP compared to baseline, from t = 10 to
120 min (p < 0.05).

3.6.2. Effects in Males

Response to QHCl alone. There was no effect of treatment, or time, on plasma GIP
(Figure 2E).

Response to the drink. There was a treatment × time interaction for GIP (p = 0.001)
(Figure 2E). GIP was lower after QHCl-600 compared to the control between t = 10 and
90 min (p < 0.05). After the control and QHCl-600, GIP increased compared to baseline
(p < 0.05).

3.6.3. Comparison between Males and Females

There were no differences in the magnitude of the stimulation of GIP by QHCl-600
between females and males, either in response to QHCl alone or the drink (Table 2).

3.7. Plasma CCK Concentrations
3.7.1. Dose-Related Effects in Females

Response to QHCl alone. There was a trend for a treatment × time interaction (p = 0.074)
for plasma CCK (Figure 2F). QHCl-600 stimulated CCK from t = −21 to −1 min (p < 0.05)
compared to the control, and at t = −1 min compared to QHCl-300 (p = 0.01). QHCl-600,
but not QHCl-300 or the control, stimulated CCK compared to baseline from t = −21 to
−1 min (p < 0.05).

Response to the drink. There was no effect of treatment, but there was an effect of time
(p = 0.01), on plasma CCK (Figure 2F). After each of the control, QHCl-300 and QHCl-600,
CCK increased compared to baseline (all p < 0.05).

3.7.2. Effects in Males

Response to QHCl alone. There was a treatment × time interaction for plasma CCK
(p = 0.001) (Figure 2F). QHCl-600 increased CCK between t = −21 and −1 min compared to
the control (all p < 0.05). QHCl-600, but not the control, stimulated CCK compared with
baseline from t = −21 to −1 min (p = 0.05).

Response to the drink. There was an effect of treatment on plasma CCK (p = 0.031)
(Figure 2F). Plasma CCK was greater after the control than QHCl-600 (p = 0.031). On both
the control and QHCl-600 days, CCK increased compared to baseline (p < 0.05).
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3.7.3. Comparison between Males and Females

There was no difference in the magnitude of the stimulation of CCK by QHCl-600
between females and males after the drink, but the response to QHCl alone was non-
significantly greater in males than in females (p = 0.079) (Table 2).

3.8. Gastric Emptying
3.8.1. Dose-Related Effects in Females

There was an effect of treatment on gastric emptying (p = 0.021) (Figure 5). QHCl-600
slowed gastric emptying compared to QHCl-300 (p = 0.027), but not the control, while
QHCl-300 did not have an effect.
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Figure 5. Gastric emptying of a mixed-nutrient drink, measured by 13C-acetate breath test, consumed
30 min after the intraduodenal administration of quinine hydrochloride (QHCl), in doses of 300
(QHCl-300; in females only) and 600 mg (QHCl-600), or control, in 13 healthy women and 13 healthy
men. Data were analysed using two-way ANOVAs with treatment (QHCl-600, QHCl-300 and control),
time and their interaction as factors. § QHCl-600 significantly different from control in males (p < 0.05).
Data are means ± SEMs.

3.8.2. Effects in Males

There was a treatment × time interaction for gastric emptying (p = 0.048) (Figure 5).
QHCl-600 slowed emptying between t = 20 and 30 min compared to the control (all p < 0.05).

3.8.3. Comparison between Males and Females

There was no difference in the magnitude of the slowing of gastric emptying by
QHCl-600 between females and males (Table 2).

3.9. Relations between Plasma Glucose, Insulin, C-Peptide, GLP-1, CCK and Gastric Emptying

In females, there were inverse correlations between plasma glucose AUC−1 to 30 min
with insulin AUC−31 to −1 min (r = −0.366, p = 0.021), insulin at t = −1 min (r = −0.397,
p = 0.012), C-peptide at t = −1 min (r = −0.357, p = 0.032), GLP-1 AUC−31 to −1 min (r = −0.376,
p = 0.023), GLP-1 at t = −1 min (r = −0.340, p = 0.042), and GLP-1 AUC−1 to 30 min (r = −0.331,
p = 0.048), and non-significant inverse correlations between peak plasma glucose and GLP-1
AUC−31 to −1 min (r = −0.282, p = 0.095) and CCK AUC−31 to −1 min (r = −0.299, p = 0.064).
There were inverse correlations between gastric emptying AUC−1–30 min and GLP-1 at
t = −1 min (r = −0.408, p = 0.013), CCK AUC−31 to −1 min (r = −0.469, p = 0.005) and CCK at
t = −1 min (r = −0.564, p = 0.001).
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In males, there were inverse correlations between plasma glucose AUC−1 to 30 min with
insulin AUC−31 to −1 min (r = −0.391, p = 0.047), insulin at t = −1 min (r = −0.483, p = 0.012),
C-peptide at t = −1 min (r = −0.416, p = 0.043) and CCK at t = −1 min (r = −0.516, p = 0.002).
There were direct correlations between plasma glucose AUC−1 to 30 min (r = 0.404, p < 0.001)
and plasma glucose at t = 30 min (r = −0.546, p = 0.005) with gastric emptying AUC−1–30 min.

4. Discussion

Our study evaluated the dose-related effects of ID QHCl on GI functions that con-
tribute to blood glucose regulation, including glucoregulatory hormones and gastric empty-
ing, in healthy women, and whether the effects of QHCl are influenced by sex. Key findings
are that in females, quinine stimulated insulin, C-peptide, GLP-1 and CCK, particularly
before the meal; slowed gastric emptying; dose-dependently reduced plasma glucose;
and delayed the rise in glucose after the meal; and that both glucose lowering after the
meal and the C-peptide/glucose ratio were greater in women than in men. Thus, the
glucose-lowering effect of quinine appears to be sex-dependent.

We reported recently that in healthy men, quinine, in a dose of 600 mg, potently
stimulates plasma insulin, C-peptide, GLP-1 and CCK; slows gastric emptying; and lowers
the plasma glucose response to a carbohydrate-rich drink [20,21]. Furthermore, the ID
administration of quinine stimulated gut and pancreatic hormones and pyloric pressures
more than IG administration [20], and the stimulation of insulin by ID quinine was greater
in women than in men, which is associated with a reduction in baseline glucose levels [20].
We have now established that quinine has potent, and dose-related, effects to lower the
glucose response to a carbohydrate-rich, nutrient drink in healthy, young females, and that
the magnitude of glucose lowering is greater in females than in males.

The glucose response to a meal is determined by glucoregulatory hormones, including
GLP-1, GIP and insulin, as well as the rate of gastric emptying [36], which itself is regulated
by both GLP-1 and CCK [37]. Indeed, in both females and males, plasma glucose during
the first 30 min post-drink, expressed as AUC−1 to 30 min and reflecting the main response
to the drink, correlated inversely with plasma insulin and C-peptide, as well as GLP-1 (in
females) or CCK (in males) responses before the drink. Thus, these hormones, stimulated
by quinine before the drink, appeared to influence the glucose response to the drink. While
a relationship between plasma glucose and gastric emptying was only evident in males, in
females, gastric emptying correlated inversely with concentrations of both GLP-1 and CCK
before the drink.

In females, the 600 mg dose of quinine abolished the rise in plasma glucose after the
drink, which likely reflects the interplay between a number of factors, including the slowing
of gastric emptying, mediated, in part, by GLP-1 and CCK [36,37] and, potentially, the
direct effect of quinine on gut smooth muscle cells [38], the stimulation of insulin, triggered
by GLP-1 in a glucose-dependent fashion and, possibly, the direct action of quinine on
pancreatic beta cells, as well as a direct effect of GLP-1 on nerve endings in the portal
vein [39]. In contrast, GIP does not appear to have played a role, given that levels were
lower after quinine, most likely because of the greater slowing of gastric emptying. While
the 300 mg dose also reduced plasma glucose and peak glucose markedly after the drink,
its effects were less than that of the 600 mg dose. The latter also occurred in the absence
of slowing of gastric emptying or differences in plasma GLP-1 or CCK. However, the
300 mg dose had a modest effect in stimulating plasma insulin and C-peptide immediately
before the drink. This suggests that while this dose of quinine was insufficient to reach a
threshold to stimulate GLP-1 and CCK associated with slowing of gastric emptying, it had
the capacity to stimulate insulin immediately before the drink, possibly by direct action on
pancreatic beta cells, which is likely responsible for the observed glucose lowering.

Our study provides evidence that the glucose-lowering effect of quinine may be
sex-dependent. Thus, quinine reduced postprandial glucose more in females than males
without differences in the magnitude of GI hormone secretion or gastric emptying. We did
not adjust the quinine doses used for differences in body weight between males and females,
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but this is unlikely to account for the observed difference in blood glucose lowering, given
that none of the other measured parameters were affected. We did not measure glucagon,
but found no difference in the effect of quinine on glucagon between males and females in
our recent study [20]. The finding that the C-peptide/glucose ratio was greater in females
than males suggests that a given amount of C-peptide had a greater glucose-lowering
capacity, indicative of a greater sensitivity to the glucose-lowering effect of insulin. Similarly,
the greater glucose lowering in females may have reflected an enhanced sensitivity to the
glucose-lowering actions of other glucoregulatory hormones, e.g., GLP-1, by quinine.
Alterations in the sensitivity to GI hormones have been observed in other populations,
including an augmented sensitivity to CCK in patients with functional dyspepsia [40], or an
attenuated sensitivity to the satiating effects of CCK in people with obesity [41], although
whether these latter findings are sex-specific remains to be established. Further studies are
indicated to clarify this issue.

The observed patterns of GLP-1, GIP and CCK are of interest. Quinine alone stimulated
both CCK and GLP-1 modestly during the first 30 min, as reported [20], but did not affect
GIP. GLP-1 continued to rise after the drink until mean levels after quinine were higher than
those after control. In contrast, GIP and CCK levels only rose slightly and then plateaued
after QHCl-600, while yielding more elevated concentrations on the control day, in both
males and females. While we had anticipated GIP and CCK to rise in a fashion similar to
that of GLP-1, it is possible that the slowing of gastric emptying, by QHCl-600, reduced the
exposure of the proximal small intestine, the primary location of GIP and CCK secretion,
to the nutrients contained in the drink, compromising the post-drink stimulation of both
hormones. In contrast, GIP and CCK stimulation in response to the drink on the control day
presumably reflected prompt duodenal nutrient exposure. Plasma GLP-1 concentrations,
on the other hand, did not appear to be affected by the slowing of gastric emptying,
probably because GLP-1 is primarily secreted from the distal small intestine, and quinine
that escaped absorption proximally may have contributed to ongoing GLP-1 stimulation.

The limitations of our study should be noted. While the number of participants is
relatively small, the number was derived using power calculations based on our previous
studies [21,22]. Due to the small number of participants within each sequence group (n = 4),
we were unable to adjust the analyses for sequence. We did not measure plasma quinine
concentrations, which may have provided insights into whether the observed effects of
quinine reflect the interaction of circulating quinine with smooth muscle or pancreatic
beta cells rather than the activation of bitter receptors on enteroendocrine cells and the
involvement of gut-related mechanisms. In this context, it is important to recognise, as
discussed, that the intravenous administration of quinine, as used in the treatment of
malaria, stimulates insulin [12] and can cause hypoglycaemia [11], indicating that a direct
effect on the pancreas is likely to contribute to glucose lowering. We did not measure plasma
concentrations of ghrelin or motilin, which may be stimulated by bitter substances [42,43].
While both hormones accelerate gastric emptying [44,45], ghrelin is suppressed after a
meal [1]; thus, they are unlikely to be relevant to the observed slowing of gastric emptying
by quinine. We administered quinine intraduodenally since ID has greater effects than
IG administration [20], presumably reflecting the significance of the activation of small
intestinal bitter receptors by quinine. Because quinine has an extremely bitter taste, it would
be impossible to assess the oral effects of the dose used in our study (or even smaller doses).
After drink ingestion, our study design by definition did not allow for the distinction
of the effects of quinine from those of the drink. However, the primary purpose was to
evaluate the effects of quinine on gut and glucoregulatory hormones and the postprandial
glycaemic response.

5. Conclusions

We conclude that quinine modulates glucoregulatory functions, including the stimu-
lation of insulin, GLP-1 and CCK, as well as the slowing of gastric emptying associated
with the lowering of the glycaemic response to a nutrient drink, which was dose-related
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in females. While the glucose-lowering effect of quinine, in a dose of 300 mg, was not
associated with detectable gut-related effects, the lower dose of quinine is sufficient for
marked glucose lowering, which has potential therapeutic implications. Our study pro-
vides evidence of sex differences in the effects of quinine to lower postprandial glucose,
indicative of the potential for personalised approaches to glucose lowering. Taken together,
our observations in healthy people (that is, with normal glycaemic control) have implica-
tions for the potential administration of quinine (or quinine derivates, perhaps particularly
those that do not induce hypoglycaemia) to reduce postprandial glycaemic excursions as a
specific therapeutic target in individuals with type 2 diabetes or impaired glucose tolerance,
particularly in females. This warrants further investigation.

Author Contributions: Conceptualization, C.F.-B., P.R., V.B., B.D.R. and M.H.; methodology (CCK
radioimmunoassay), J.F.R.; formal analysis, P.R. and K.L.; data interpretation, P.R., V.B., M.H. and
C.F.-B.; investigation, P.R., B.D.R. and Z.M.; writing—original draft preparation, P.R. and C.F.-B.;
writing—review and editing, P.R., V.B., B.D.R., M.H., J.F.R. and C.F.-B.; visualization, P.R.; supervision,
C.F.-B.; project administration, C.F.-B.; funding acquisition, C.F.-B. All authors have read and agreed
to the published version of the manuscript.

Funding: P.R., V.B. and Z.M. were each supported by Adelaide Scholarship International stipends
provided by the University of Adelaide (P.R., 2018–2022; V.B., 2017–2020; Z.M., 2019–2022), and C.F.-B.
by the National Health and Medical Research Council (NHMRC) Senior Research Fellowship (Grant
1103020, 2016–2022). The research was funded by an NHMRC Project Grant to C.F.-B. (Grant 1158296,
2019–2022).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Human Research Ethics Committee of the Central Adelaide Local
Health Network (protocol code: R20161005, date of approval: 10/05/2016).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author. The data are not publicly available due to privacy reasons.

Acknowledgments: We thank Scott Standfield, Centre of Research Excellence in Translating Nutri-
tional Science to Good Health, University of Adelaide, for performing the biochemical assays.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Steinert, R.E.; Feinle-Bisset, C.; Asarian, L.; Horowitz, M.; Beglinger, C.; Geary, N. Ghrelin, CCK, GLP-1, and PYY(3–36): Secretory

controls and physiological roles in eating and glycemia in health, obesity, and after RYGB. Physiol. Rev. 2017, 97, 411–463.
[CrossRef] [PubMed]

2. Wachsmuth, H.R.; Weninger, S.N.; Duca, F.A. Role of the gut-brain axis in energy and glucose metabolism. Exp. Mol. Med. 2022,
54, 377–392. [CrossRef] [PubMed]

3. Feltrin, K.L.; Little, T.J.; Meyer, J.H.; Horowitz, M.; Smout, A.J.; Wishart, J.; Pilichiewicz, A.N.; Rades, T.; Chapman, I.M.;
Feinle-Bisset, C. Effects of intraduodenal fatty acids on appetite, antropyloroduodenal motility, and plasma CCK and GLP-1 in
humans vary with their chain length. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2004, 287, R524–R533. [CrossRef] [PubMed]

4. Carr, R.D.; Larsen, M.O.; Winzell, M.S.; Jelic, K.; Lindgren, O.; Deacon, C.F.; Ahren, B. Incretin and islet hormonal responses to fat
and protein ingestion in healthy men. Am. J. Physiol. Endocrinol. Metab. 2008, 295, E779–E784. [CrossRef]

5. Steinert, R.E.; Beglinger, C. Nutrient sensing in the gut: Interactions between chemosensory cells, visceral afferents and the
secretion of satiation peptides. Physiol. Behav. 2011, 105, 62–70. [CrossRef] [PubMed]

6. van Avesaat, M.; Ripken, D.; Hendriks, H.F.; Masclee, A.A.; Troost, F.J. Small intestinal protein infusion in humans: Evidence for a
location-specific gradient in intestinal feedback on food intake and GI peptide release. Int. J. Obes. 2017, 41, 217–224. [CrossRef]

7. Schirra, J.; Kuwert, P.; Wank, U.; Leicht, P.; Arnold, R.; Goke, B.; Katschinski, M. Differential effects of subcutaneous GLP-1 on
gastric emptying, antroduodenal motility, and pancreatic function in men. Proc. Assoc. Am. Physicians 1997, 109, 84–97.

8. Maggs, D.; MacDonald, I.; Nauck, M.A. Glucose homeostasis and the gastrointestinal tract: Insights into the treatment of diabetes.
Diabetes Obes. Metab. 2008, 10, 18–33. [CrossRef]

9. Muller, T.D.; Finan, B.; Bloom, S.R.; D’Alessio, D.; Drucker, D.J.; Flatt, P.R.; Fritsche, A.; Gribble, F.; Grill, H.J.; Habener, J.F.; et al.
Glucagon-like peptide 1 (GLP-1). Mol. Metab. 2019, 30, 72–130. [CrossRef]

https://doi.org/10.1152/physrev.00031.2014
https://www.ncbi.nlm.nih.gov/pubmed/28003328
https://doi.org/10.1038/s12276-021-00677-w
https://www.ncbi.nlm.nih.gov/pubmed/35474341
https://doi.org/10.1152/ajpregu.00039.2004
https://www.ncbi.nlm.nih.gov/pubmed/15166004
https://doi.org/10.1152/ajpendo.90233.2008
https://doi.org/10.1016/j.physbeh.2011.02.039
https://www.ncbi.nlm.nih.gov/pubmed/21376067
https://doi.org/10.1038/ijo.2016.196
https://doi.org/10.1111/j.1463-1326.2007.00737.x
https://doi.org/10.1016/j.molmet.2019.09.010


Nutrients 2023, 15, 3584 17 of 18

10. Nauck, M.A.; Niedereichholz, U.; Ettler, R.; Holst, J.J.; Orskov, C.; Ritzel, R.; Schmiegel, W.H. Glucagon-like peptide 1 inhibition
of gastric emptying outweighs its insulinotropic effects in healthy humans. Am. J. Physiol. 1997, 273, E981–E988. [CrossRef]

11. Okitolonda, W.; Delacollette, C.; Malengreau, M.; Henquin, J.C. High incidence of hypoglycaemia in African patients treated with
intravenous quinine for severe malaria. Br. Med. J. 1987, 295, 716–718. [CrossRef]

12. White, N.J.; Warrell, D.A.; Chanthavanich, P.; Looareesuwan, S.; Warrell, M.J.; Krishna, S.; Williamson, D.H.; Turner, R.C. Severe
hypoglycemia and hyperinsulinemia in falciparum malaria. N. Engl. J. Med. 1983, 309, 61–66. [CrossRef]

13. Njomatchoua, A.C.; Tankeu, A.T.; Sobngwi, E.; Mbanya, J.C. Glycemic effects of quinine infusion in healthy volunteers. BMC Res.
Notes 2017, 10, 423. [CrossRef] [PubMed]

14. Avau, B.; Bauters, D.; Steensels, S.; Vancleef, L.; Laermans, J.; Lesuisse, J.; Buyse, J.; Lijnen, H.R.; Tack, J.; Depoortere, I. The
gustatory signaling pathway and bitter taste receptors affect the development of obesity and adipocyte metabolism in mice.
PLoS ONE 2015, 10, e0145538. [CrossRef]

15. Kim, K.S.; Egan, J.M.; Jang, H.J. Denatonium induces secretion of glucagon-like peptide-1 through activation of bitter taste
receptor pathways. Diabetologia 2014, 57, 2117–2125. [CrossRef]

16. Kok, B.P.; Galmozzi, A.; Littlejohn, N.K.; Albert, V.; Godio, C.; Kim, W.; Kim, S.M.; Bland, J.S.; Grayson, N.; Fang, M.; et al.
Intestinal bitter taste receptor activation alters hormone secretion and imparts metabolic benefits. Mol. Metab. 2018, 16, 76–87.
[CrossRef] [PubMed]

17. Pham, H.; Hui, H.; Morvaridi, S.; Cai, J.; Zhang, S.; Tan, J.; Wu, V.; Levin, N.; Knudsen, B.; Goddard, W.A., 3rd; et al. A bitter pill
for type 2 diabetes? The activation of bitter taste receptor TAS2R38 can stimulate GLP-1 release from enteroendocrine L-cells.
Biochem. Biophys. Res. Commun. 2016, 475, 295–300. [CrossRef]

18. Walker, E.G.; Lo, K.R.; Pahl, M.C.; Shin, H.S.; Lang, C.; Wohlers, M.W.; Poppitt, S.D.; Sutton, K.H.; Ingram, J.R. An extract of hops
(Humulus lupulus L.) modulates gut peptide hormone secretion and reduces energy intake in healthy-weight men: A randomized,
crossover clinical trial. Am. J. Clin. Nutr. 2022, 115, 925–940. [CrossRef]

19. Andreozzi, P.; Sarnelli, G.; Pesce, M.; Zito, F.P.; Alessandro, A.D.; Verlezza, V.; Palumbo, I.; Turco, F.; Esposito, K.; Cuomo, R. The
bitter taste receptor agonist quinine reduces calorie intake and increases the postprandial release of cholecystokinin in healthy
subjects. J. Neurogastroenterol. Motil. 2015, 21, 511–519. [CrossRef] [PubMed]

20. Rezaie, P.; Bitarafan, V.; Rose, B.D.; Lange, K.; Rehfeld, J.F.; Horowitz, M.; Feinle-Bisset, C. Quinine effects on gut and pancreatic
hormones and antropyloroduodenal pressures in humans-role of delivery site and sex. J. Clin. Endocrinol. Metab. 2022, 107,
e2870–e2881. [CrossRef]

21. Rose, B.D.; Bitarafan, V.; Rezaie, P.; Fitzgerald, P.C.E.; Horowitz, M.; Feinle-Bisset, C. Comparative effects of intragastric and
intraduodenal administration of quinine on the plasma glucose response to a mixed-nutrient drink in healthy men: Relations
with glucoregulatory hormones and gastric emptying. J. Nutr. 2021, 151, 1453–1461. [CrossRef]

22. Bitarafan, V.; Fitzgerald, P.C.E.; Little, T.J.; Meyerhof, W.; Jones, K.L.; Wu, T.; Horowitz, M.; Feinle-Bisset, C. Intragastric
administration of the bitter tastant quinine lowers the glycemic response to a nutrient drink without slowing gastric emptying in
healthy men. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2020, 318, R263–R273. [CrossRef]

23. Bartoshuk, L.M.; Duffy, V.B.; Miller, I.J. PTC/PROP tasting: Anatomy, psychophysics, and sex effects. Physiol. Behav. 1994, 56,
1165–1171. [CrossRef]

24. Garneau, N.L.; Nuessle, T.M.; Sloan, M.M.; Santorico, S.A.; Coughlin, B.C.; Hayes, J.E. Crowdsourcing taste research: Genetic and
phenotypic predictors of bitter taste perception as a model. Front. Integr. Neurosci. 2014, 8, 33. [CrossRef] [PubMed]

25. Stunkard, A.J.; Messick, S. The three-factor eating questionnaire to measure dietary restraint, disinhibition and hunger.
J. Psychosom. Res. 1985, 29, 71–83. [CrossRef] [PubMed]

26. Chale-Rush, A.; Burgess, J.R.; Mattes, R.D. Evidence for human orosensory (taste?) sensitivity to free fatty acids. Chem. Senses
2007, 32, 423–431. [CrossRef]

27. Brennan, I.M.; Feltrin, K.L.; Nair, N.S.; Hausken, T.; Little, T.J.; Gentilcore, D.; Wishart, J.M.; Jones, K.L.; Horowitz, M.; Feinle-
Bisset, C. Effects of the phases of the menstrual cycle on gastric emptying, glycemia, plasma GLP-1 and insulin, and energy intake
in healthy lean women. Am. J. Physiol. Gastrointest. Liver Physiol. 2009, 297, G602–G610. [CrossRef] [PubMed]

28. Heddle, R.; Dent, J.; Toouli, J.; Read, N.W. Topography and measurement of pyloric pressure waves and tone in humans. Am. J.
Physiol. 1988, 255, G490–G497. [CrossRef] [PubMed]

29. Giezenaar, C.; Luscombe-Marsh, N.D.; Hutchison, A.T.; Standfield, S.; Feinle-Bisset, C.; Horowitz, M.; Chapman, I.; Soenen, S.
Dose-dependent effects of randomized intraduodenal whey-protein loads on glucose, gut hormone, and amino acid concentrations
in healthy older and younger men. Nutrients 2018, 10, 78. [CrossRef] [PubMed]

30. Rehfeld, J.F. Accurate measurement of cholecystokinin in plasma. Clin. Chem. 1998, 44, 991–1001. [CrossRef]
31. Mossi, S.; Meyer-Wyss, B.; Beglinger, C.; Schwizer, W.; Fried, M.; Ajami, A.; Brignoli, R. Gastric emptying of liquid meals

measured noninvasively in humans with [13C]acetate breath test. Dig. Dis. Sci. 1994, 39, 107S–109S. [CrossRef]
32. Retnakaran, R.; Qi, Y.; Goran, M.I.; Hamilton, J.K. Evaluation of proposed oral disposition index measures in relation to the actual

disposition index. Diabet. Med. 2009, 26, 1198–1203. [CrossRef] [PubMed]
33. Utzschneider, K.M.; Prigeon, R.L.; Faulenbach, M.V.; Tong, J.; Carr, D.B.; Boyko, E.J.; Leonetti, D.L.; McNeely, M.J.; Fujimoto, W.Y.;

Kahn, S.E. Oral disposition index predicts the development of future diabetes above and beyond fasting and 2-h glucose levels.
Diabetes Care 2009, 32, 335–341. [CrossRef]

https://doi.org/10.1152/ajpendo.1997.273.5.E981
https://doi.org/10.1136/bmj.295.6600.716
https://doi.org/10.1056/NEJM198307143090201
https://doi.org/10.1186/s13104-017-2744-0
https://www.ncbi.nlm.nih.gov/pubmed/28836995
https://doi.org/10.1371/journal.pone.0145538
https://doi.org/10.1007/s00125-014-3326-5
https://doi.org/10.1016/j.molmet.2018.07.013
https://www.ncbi.nlm.nih.gov/pubmed/30120064
https://doi.org/10.1016/j.bbrc.2016.04.149
https://doi.org/10.1093/ajcn/nqab418
https://doi.org/10.5056/jnm15028
https://www.ncbi.nlm.nih.gov/pubmed/26351252
https://doi.org/10.1210/clinem/dgac182
https://doi.org/10.1093/jn/nxab020
https://doi.org/10.1152/ajpregu.00294.2019
https://doi.org/10.1016/0031-9384(94)90361-1
https://doi.org/10.3389/fnint.2014.00033
https://www.ncbi.nlm.nih.gov/pubmed/24904324
https://doi.org/10.1016/0022-3999(85)90010-8
https://www.ncbi.nlm.nih.gov/pubmed/3981480
https://doi.org/10.1093/chemse/bjm007
https://doi.org/10.1152/ajpgi.00051.2009
https://www.ncbi.nlm.nih.gov/pubmed/19556358
https://doi.org/10.1152/ajpgi.1988.255.4.G490
https://www.ncbi.nlm.nih.gov/pubmed/3140675
https://doi.org/10.3390/nu10010078
https://www.ncbi.nlm.nih.gov/pubmed/29329233
https://doi.org/10.1093/clinchem/44.5.991
https://doi.org/10.1007/BF02300386
https://doi.org/10.1111/j.1464-5491.2009.02841.x
https://www.ncbi.nlm.nih.gov/pubmed/20002470
https://doi.org/10.2337/dc08-1478


Nutrients 2023, 15, 3584 18 of 18

34. Saisho, Y. Postprandial C-peptide to glucose ratio as a marker of beta cell function: Implication for the management of type
2 diabetes. Int. J. Mol. Sci. 2016, 17, 744. [CrossRef] [PubMed]

35. Bland, J.M.; Altman, D.G. Calculating correlation coefficients with repeated observations: Part 1—Correlation within subjects.
BMJ 1995, 310, 446. [CrossRef] [PubMed]

36. Marathe, C.S.; Rayner, C.K.; Jones, K.L.; Horowitz, M. Relationships between gastric emptying, postprandial glycemia, and
incretin hormones. Diabetes Care 2013, 36, 1396–1405. [CrossRef]

37. Goyal, R.K.; Guo, Y.; Mashimo, H. Advances in the physiology of gastric emptying. Neurogastroenterol. Motil. 2019, 31, e13546.
[CrossRef]

38. Avau, B.; Rotondo, A.; Thijs, T.; Andrews, C.N.; Janssen, P.; Tack, J.; Depoortere, I. Targeting extra-oral bitter taste receptors
modulates gastrointestinal motility with effects on satiation. Sci. Rep. 2015, 5, 15985. [CrossRef]

39. Vahl, T.P.; Tauchi, M.; Durler, T.S.; Elfers, E.E.; Fernandes, T.M.; Bitner, R.D.; Ellis, K.S.; Woods, S.C.; Seeley, R.J.; Herman, J.P.; et al.
Glucagon-like peptide-1 (GLP-1) receptors expressed on nerve terminals in the portal vein mediate the effects of endogenous
GLP-1 on glucose tolerance in rats. Endocrinology 2007, 148, 4965–4973. [CrossRef]

40. Chua, A.S.; Dinan, T.G.; Rovati, L.C.; Keeling, P.W. Cholecystokinin hyperresponsiveness in dysmotility-type nonulcer dyspepsia.
Ann. N. Y. Acad. Sci. 1994, 713, 298–299. [CrossRef]

41. Desai, A.J.; Dong, M.; Langlais, B.T.; Dueck, A.C.; Miller, L.J. Cholecystokinin responsiveness varies across the population
dependent on metabolic phenotype. Am. J. Clin. Nutr. 2017, 106, 447–456. [CrossRef]

42. Deloose, E.; Corsetti, M.; Van Oudenhove, L.; Depoortere, I.; Tack, J. Intragastric infusion of the bitter tastant quinine suppresses
hormone release and antral motility during the fasting state in healthy female volunteers. Neurogastroenterol. Motil. 2018,
30, e13171. [CrossRef]

43. Iven, J.; Biesiekierski, J.R.; Zhao, D.; Deloose, E.; O’Daly, O.G.; Depoortere, I.; Tack, J.; Van Oudenhove, L. Intragastric quinine
administration decreases hedonic eating in healthy women through peptide-mediated gut-brain signaling mechanisms. Nutr.
Neurosci. 2019, 22, 850–862. [CrossRef] [PubMed]

44. Levin, F.; Edholm, T.; Schmidt, P.T.; Gryback, P.; Jacobsson, H.; Degerblad, M.; Hoybye, C.; Holst, J.J.; Rehfeld, J.F.; Hellstrom,
P.M.; et al. Ghrelin stimulates gastric emptying and hunger in normal-weight humans. J. Clin. Endocrinol. Metab. 2006, 91,
3296–3302. [CrossRef] [PubMed]

45. Ohno, T.; Mochiki, E.; Kuwano, H. The roles of motilin and ghrelin in gastrointestinal motility. Int. J. Pept. 2010, 2010, 820794.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms17050744
https://www.ncbi.nlm.nih.gov/pubmed/27196896
https://doi.org/10.1136/bmj.310.6977.446
https://www.ncbi.nlm.nih.gov/pubmed/7873953
https://doi.org/10.2337/dc12-1609
https://doi.org/10.1111/nmo.13546
https://doi.org/10.1038/srep15985
https://doi.org/10.1210/en.2006-0153
https://doi.org/10.1111/j.1749-6632.1994.tb44077.x
https://doi.org/10.3945/ajcn.117.156943
https://doi.org/10.1111/nmo.13171
https://doi.org/10.1080/1028415X.2018.1457841
https://www.ncbi.nlm.nih.gov/pubmed/29607741
https://doi.org/10.1210/jc.2005-2638
https://www.ncbi.nlm.nih.gov/pubmed/16772353
https://doi.org/10.1155/2010/820794
https://www.ncbi.nlm.nih.gov/pubmed/20798893

	Introduction 
	Materials and Methods 
	Study Participants 
	Study Outline 
	Preparation of Treatments 
	Study Protocol 
	Measurements 
	Plasma Glucose and Hormone Analyses 
	Gastric Emptying 

	Data and Statistical Analysis 

	Results 
	Basal Plasma Glucose and Hormone Concentrations 
	Plasma Glucose Concentrations 
	Dose-Related Effects in Females 
	Effects in Males 
	Comparison between Males and Females 

	Plasma C-Peptide Concentrations 
	Dose-Related Effects in Females 
	Effects in Males 
	Comparison between Males and Females 

	Plasma Insulin Concentrations 
	Dose-Related Effects in Females 
	Effects in Males 
	Comparison between Males and Females 

	Plasma GLP-1 Concentrations 
	Dose-Related Effects in Females 
	Effects in Males 
	Comparison between Males and Females 

	Plasma GIP Concentrations 
	Dose-Related Effects in Females 
	Effects in Males 
	Comparison between Males and Females 

	Plasma CCK Concentrations 
	Dose-Related Effects in Females 
	Effects in Males 
	Comparison between Males and Females 

	Gastric Emptying 
	Dose-Related Effects in Females 
	Effects in Males 
	Comparison between Males and Females 

	Relations between Plasma Glucose, Insulin, C-Peptide, GLP-1, CCK and Gastric Emptying 

	Discussion 
	Conclusions 
	References

